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translation may, for mou purposes the.-efore, be grouped to~ether as

external degrees of eedoM. The tranafer of energy betwen vibrationL

and external degrees ot freedom, on the other hand, often turns out to

be a very inefficient process. This to eopecially so for sivple stiff

diatomic molecules such as nitrogen, where many hundreds of thousena

or evn millions or collisions may be required. The relaxation tim

is long enouh to -'1m the quwstion of vibrational relaxation aside

pT-detieal importance. It affects', for example, the state of a Cow uder-

going rapid expansion in a rocket nozzle or suffering rapid carre sion

behind a shoek.-wsvw.

With increasing rolecular cociplexity, vibrational relaxation is more

rapid, lose than 90 coll~sions being required for propin at PO*C and ati.

It Is still not inex=,n howeverv to find several thousand collisions
S

inmssary and In speew cases, as in COp at room temerature, the e lax-

atlo time may still be as long as several m1crosecomde.

fess statemnts apply to the pure gas. The stuly of r4•oecules vitt

long rolaiion tims is almost always compliated by the fact that poly-w

atomic molecules asus,5ly maoe zwh ro- efficient collision partners for

Yel9axtiou than another mo1#cule of the pure gas, Itinute mmnoits of poly-

atomie Impurties my therefore rduce the observed times by several orders

of mwmittooe. The ommozst eotatainant is water vapor and the poblen of

its rewyal will be discussed later on.

A wmber of methods have been employed for measring relaixtion tines.
1

1ese Icelude: (1) the 41spersion awl absorption of ultrasoic wavess

1
(2) the impact tube, (3) Intererfermtrio rwasurnwento of density ehanes

be•ohi shok-vaes, (2) a dirvet miethod inycving nfr-ared radiation,

Miled the .pectropbo. technique,3 (5) the Wnfra-rel emission method de-

seribed here.
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In the present work a new technique fcr :neasuring vibrational relaxatwfti

times 'a, been develupoer,• 4 b rate of population of Po particular Abra-

tionally excited state in a gas that haG been rapidly heated by the p1ez38

of a shock-vave is folloved by observing thr emission of iafra-rel radiao-

tion from this state 'Ah a deuteotor cQ: abort response tlo.

In the particular app1ication deacribed here, ve observe the rate of

population of the 2 d vibratlonul state (v P,) of CO frog. the tire do..

Pendence of the emission of the first ievrtrx* (P -# 0) radiation at '.335 i.

(To m extent, of couroe, one is also looking at the transitions, 3 -* 1,

4 + , ete., and hence at the population of these upper orates.) The red-

iative lifetime for the ' - 0 transition is 1.1 sec.' At equailbruLw. at

1 atm at 1500*K the calculated emission is 7.,' x 10 watts Cc , 10 ich,

a1 the oxyerimental ari•to)l, is readily detected. It is difficult to

calcul- t sself-ab-sorption accuately, but aPrM-1 U18W calculations according

to the vethod of Penner and 1ober 6 •iteate that it is swall or negliable

(Aettuay# the amotun of radiation is proportional to the population of the

v - 2 state even If there is self-absorption provided that the amt of

self-abborption is firlyr constant; and specifically if It Is not larae in

the boundary layer vhor- the density and temperature are quite difftrent

than that of the bulk gsa.) e lifetti for the 2 -4 1 transition is

0.015 see 5; In our expewriments, the lifetime for the 2 m* 0 overall trean

ition by collision in 10-3 see or less. T1erefore, the radiative wooesns

serve to indiate the p.U~ataion of the rstate without sigificantly a~f-et-

ing It.



"The Sock Tube. Te use of the shock tube in this labortory aa a

tool for studying cherlcal reactions at blab tee~raturos ha almody been

deseribed.7 In all of oiw previous vork the prosre" of a chrtical rwe-

tion has been followd by the absorption of vislbli. or ultraviolet light.

The length of our shock tube has been increased in order to improve

the qality of the shocka and to Increaew the time available for obaerve-

tions. Me diamter is 15 cmi the driving section is a M cm length of

aluinam pipe; the shock vv setion consiets of a 14 m length of' amtwl.-

man pipe and ezA t15 am lengths of pyrex p1•.

Part of the motvatLon to lengthen the tube vws the desire to rahe ob-

servetions in the region behind the reflected shock fo vhIch vould haw

y -eviously been teidamted for too soon by the errivl of distm4*m-s frm

the driving secion.e eflected shock stwUAs howse~ral adsmvters. In

the i pMaseD the p•o behind the reflected shock is ststioary, so that

tho tinmewompression effect associated with the fact that the pw behind the

incident shock is movinog does not occw. s revs.1 of this penslty ves

ipr-, sinc or d ector vas already a limitin ftor and we old Ill

afford to mrIfice mW of its 11imted response tUm. eeonIlyp aW t a

m11ilsecond va navalAble before the arrival of the cold front. P7Inty

du to the double mui ed hectine MA teperatwe•s and presmes

e.ald be reaed vith mseiely high drivig pre•sus and sing less

mu~an wmnoodme. All of the experimental resnlts presented here were mad

me the refleoted shoek te qm, the observation station vas oet u as

close as posible to the endplat o t aie &st, dIs dum to the grovth

of the boMIDWy lsar ain! to Pet the indiw obs•eation tin. I1m distacm



chosen vwas 3 c. With the optical sygtex., e=plc ,, this was enoW.* x

prevent the detector seeing possible radiation from the and-plate.

ITre ; _r•Cell, A lead sulfide photoconductive detector • by

T Electronics Corporation of America wv. uzed. The sensitive eLement

was 3 =u by 3 m. 7i¶ response time wva 1P + 3 gsee; the cell resiatawe

vas 6 megobEns; the sensitlvlty vas 1. 5 x 10 volts/watt; and the noise

equivalent Pmr (at 5 cps) vss ca. 3 x 10"'1 ratts. The assoeiated elec-

tronies did not inereee the rise time The output of the detector vua

fed Into a preamplifier and then to an oscilloscope. The cell vas r-aited

In a turret setting with three-way movenxnt for focussing. A prmeauni

f1l+4r cut off radiation belov 2.0 p and the pyrex vaw) of the shook tube

absorbed radiation larger than 2.3 j. In addition, a Corning filter U;o.

WA vth a long vm lenth cut off at P.6 a was used. This effectively

Isoied radiation from the 0 4 P trnaltion in carbon uonoxide vhich ir

centered at 2*.335 . n control experiments with dry nitrogen, leos than

I perent erd~sion vas observed. The ex!erimenta1 layout is shovn in rig. 1.

rig, 1 here

This also Wss schematieally the schlieren systems vhich were used fr W

tartinzg and stopping tho timer and tr1g• ring the oellloscopes.

T re ovalf or qties. *inly vyrk served to emphasize the ipor-.-

t ae of exeludit vater vapor and other impuritleo from the systw, due to

the vry hbi efflclency of these molecules as collision partners for hew

relamtlou proes. "s o maures en emesswa-: (a) the use of carbon

monxddle of very bla purity, (b) tkw reduetion of the static prmsawe of

HpO or COp in the sck t*q caused by desorption frcu the wvrit1 to as

low a level as possible.

1 i i



One series of exper1zents ,as u L vith 'Matheson Assayed 1teamnt

Grade CO. Mabs spectmotric analyaeo yere wipplied and listed thc-

main impurities in two awples as carbon dioxide, 0.04 anv 0.1,7 nole. pir-

,zonts and hydqreN 0.03 and O.OP mole pareaut. Most of the work mu ]=*

vith samples prepared oy frarftopkl dlatillation of Matheson C.P. graid

carbon wonmxide in a Coad l(o t•erzperture colurm vith a reflux head re-

friSerated with pumped dovn liquid nitroeen. This gav quite pure CO,

A typical =aas spetrotxvter analysis (Conaolidated Slectrodynaics C. .)

In: Os, i0.4 mole peroent, H20, loses than .015 mole percent, all otizr

impurites loss than .005 mole percent.

The other soure of i•rp•ites wv the vuall of the shock tube. To

combat this three neur-es wre adopted. (v ' • vhole low-pressre mection

of the shock-tubep except for the obsrvation aras vas vound with a beat.

ing elemnt. A temperatiwe of 50 to 70*C could then be Wiintaid le

Spapg out the tube to facilitate outpsaing. (b) A false endwplat- e Vu

desuiwd fitted with a re-.entrent cold fiz?.r vIche could be refriamzai

with liquid nitrogs or other colant. During evcuaation a hole in te

false end-plate Vw access frm the mni volume of the tube to the cold

finesr AhMh lw betwen the truw end and the false end. Before starting

a run, this hole vs filled by pushing in a plug, the shaft of whieh extended

tU -,A- the tube en-d-Omp-t via a bole sealed vith an O-ring. The end-plate

also carried a motmting for a Phillps ionizatiam Sawe. (e) 7W puriping

aranipmnts for the tbe•, ich now haz a volume of about 80 liters, wre

improved by instAlling a three-staoW oil diffusion pvtap conneeted t the tuWe

via a hIg-speed, onew-inch aperture beffle valv.e



With the aid of thae iments, it vas possible to abhieve

a p•-esum of about 10' a i with liquid nitroge. in the cold finer.

The pressure rise vwit the shock-tube isolated was less than 10"6

niLute. Sincea run tas about 1D rnz0 u te• , this Is negligiLle vith the

mowrts of gaa uaed. For experiments with added COp., the cold finaer w43

ifiled vwth dry Ice aon trichlorethylone, a&A a control experiment vwe

nale under tbeia conditions without W1d CO-. .ixtures of CO and C')ý

wne node up befov#ehan in a storme bwb. For experiments with addeci 111*0

either dry Lae &a ubave or zathylene bracdde at Its freezing point mw em-

ployed. Te te-becni,±e tbpted was to u idt excess•ater vapor to the

tube first and Ven let in the CO. About 15 iLnutes v Uallowed for the

HpC to co to equilbrii.m with the loe on the culd -Irige, "1 to td:x with

th CO. e vapor presuure of HpO is u.A g at -4.7C (dry Loe) mu about

50 & at ..50*C (awltine, methylene bradice). Control rww without widcd3 11p0

wrie doe at each te:Lperature.

C.-culaW , !N-W -Prature and Presure. The rtemperture an.

density of a shockged ga so be calculated fmthe shock velocity &ad the

1ntl• conditions it the enthalpy of the gas is knon s a fuwwtion Df tem-

prst=r. As vibraeti relaxmtion occ•rs behind a strirn abock, the

prstiwe decreases and density nresaeo. The s1ti t1im is note Ce

3Pttated for reflected shocks. b have calmat-I the conditionw behind the

xnfleted sbock frw two easured velocity of the incident stock. "r az-

w D in iv o1• 'th the ednet ta e gas behind the incrient

=bock is murelaxed. C -Lca1atioa bha been made for the umrel1&e&4 incident -

4t



unrelaxed reflected condition. This is atrictly a&plicable to the re-

fleeted shock very clooe to the end plate. Calculations could also be

Sfor the unrelas.d Lncident-relaxed reflected conditions, This would

be appropr for the saeady state shock after a biog period of tira.

Ow Is however observine the process oe vibraticiaU relaxation close to

the end plate. Neither of the above limiting steady flow conditlons

therefore applies. Tho pas behind the shock is eontracting and the re-

sulting rarefaction vuve is moving out to merp with and slav dovn the

shock. A correct calcu.ation vould be very eomplcated. We have there-

fore used the umielaxed'-melaxed caculations cr temperature and density.

Fortunately, the vibrstional enthalpy is not too large and the unertain-

ties am Ja=l.

3msnples of reflected shock calculations are given in Table I.

&.v



Table 1. Typical .1vk Prweýters in C)
TY Ar TT T

Tt 11 7T i "r r r r t t
- t-

OR cri/rasc 71 - -~

500 6r ,.7 4.44 P.6,,. 73 35.13 3.t41 ,.,4 L.7 5.'j.

60o 1`3.47 . 3. 1- 37.7" 4.75 ," .

7o03 -7 3.57 4c.4^ .. 34.

3m 105.3 . 34 43,0.06 5.01 2 *" "

90o 115.4 i1.36 4.09 164 45.61 5.33 A C§I 6,.n 11. n

looo 124.o 14.Y, 4.P6 1Y3k r 4.3.PO 5.6C ,,7 ,.4 1 o.7,

1100 1J. 3 i6.34 14.4 M 5o.134 5.3 3.oP . 13.36

1•y) i40.f .. ,A 234(, 53.77 6.oo 3.07 C<).o !?.<

1300 147.6 36 4.67 Pý4, 5.,0 6.14 3. m 1. 1. , i;

14oo 154.1 3 64c,4 4.77 P(-,c 56.wo 6.2 P3A.14+ 14oo.) 14. r)
1500 161.6 P4.40 o .35 . 6.4o 3.17 XJ.. 15.3

T, teriperature f boated gas behkId shoek; S ahock velocity;

Pressue ratio across ahock; , density ratio across shock. Subscript

i refers to Incident Wihock, subsecript r refers to reflected shock, my.--

subcript t refers to tAal cm .
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Results

The vibretJonal relaxation tine of carbon monexide has been reazred

betveen 11 4W0K and 3(MOK and over a ro~e~ of final pressures froL, 1 to

3.5 atm. A preliminary study of the effect of small amow ts of COp aixi

pO has also been riAd.

A typical experi;wntal record of £nsira-red emission due to the

2 -* 0 transition la shorn in FPg. 2.

Fig. 2here

As iadicated previously, it is believed that the intensity of the

emission is directly proportional to the concntration of molecules in

the upper state. After a sL-al1 initialwgri, of gradually increasing clope,

the trae• rises almsoct Linearly for about balf the total amplitude awv then

p achs the equilibrium value asymptotically.

U.n On* may coneivw of any one of three poscibilitiea

as being the most iniportant path for popilatlng the rate v

There is the direct 0 4 2 excitation

k
C) + CO cV+ co (+)

7re Is a two step pr-ooss, 0 -+ 1 4 2.

CO + CO 170 CO + CO

D + co e•,.•CO* + Co

There to also the "essIbIlity (3). in which two CO * oleue•ae r~eat to

give CO + COO in wthch na conversion - traislational energy to vibre-

It ___ ___A



tio:,T~.': er;-" occurj-, !-it in ,,ii,!.ch t~ire .ribrational own-, Ti.-: rodi.,ributed..

k
CO + CO • -• Cr + Co (3)"-%0U

eCO + CO co) + co c3a)

For simplicity, make the approximation (CD) <( (Co") (( (cO)

1 ypothesio (1) ma a sirple exponential rovwth of (CD**).

(Cl*") (c (*O")• exp E[-k,(CONt (1a)

Tn the harm~onic O~cillator apronxiriation, kl -. :71k k~~ v Pck.

Th.en hypothesis (2) gives

(Co*) . (co**) 0 ( exp [ -,•(C))t_} (ra)

If in hypothesis (3), we ass • is very large, expression (2a)

"aeain results. Thus, (1) gives a simple exponential growth, beginning with

a finite slope, whereas (Ž) and (3) give growth beginming with zero slope,

then rising steeply, with a rise time of the order of 1/ko(CO), narely

the relaxation time of the first vibrational state.

Hypothesis (3) can be discussed in further detail as follows. Reac-

tions like (3a) are "energy transfers e-G exact resonance." Tbe complete

set of such reactions do not create vibrational energy, but they redis-

tribute It in such a way that the population of the n'th level, (CO C),

is related to the population of the first excited level by

=vb bY V ib



That is, there is a Boltzrann-like diLtribution deternred by the total
&mount of vibrational enerry, •vib' in the systei.. riven ouch a Boltz-

mann-like distribution, reactions like (3a) will be proceedini: backwarl

and forvard at equal rates and will not further afect the distribution.

Now, Montroll and Chuler9 have st)o•rn that if one considers the eonplete

set of equations like (2) in the harmrnie oscillator app =ox4Wtion,

then a s-ytem which starts vith a Boltzmann distribution of vibrational

stater appropriate to one terperature relaxes to the Boltzmann distri-

bution appropriate tco the translational terpjerature via a set of Boltzmann

distributions appropriate to intermediate temperatures. Under these

circumstances, the reaction system (3a) meakes no contribution to the

vibrational distribution even thoutjh its rate constant may be large.

Plot - (CO )(co) vs. t nd of -iCo'*)/(c

vs. t are sho'n tn Fit!. . he latter relation g;ivis a better straight

line, thu= favorinM hypothesis (fl) or (3). The situation Is not perfectly

Fie. 3 here

clear cut however because the finite rise tine ol the detector tends to

make a wc-ve lilke (la) look Uike ("a). 'e be.lieve this effect is srall.

A r.ore detailed examination of this point vill be made in a later paper.

Accept equation (Pa). Define the relaxation tit*., L, as I/k1 o(CO).

From the equation there ie a point of inflection, d~ (CO * )/dtL 0

at (Co**) - (Co*\./4. On both sides of his point,. the curve Is almost

linear 4•nd the slope is ,/. Values of ' so obtair*d are presented in

Table P.

( ,r
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Thbe Relw.amxtiou 1,L MeasureventL

!r'-itial p eornre ir. ? i

of CO atmrtr

.0ý6-j 14V r/;53.7 U.01 3.01 ,Y, 136

C4o3 f) 1w4r6 4.07 11.01 2.62 246 6(A

.o0711 TI 1395 50.6 lo.7T 3.63 61o

.o469 .14 1453 t1.2 11.o4 2.54 237 601

.o 2.1 144;7 53.7 11.01 1.67 352 538

.03A.0 433 5f-9 10, 95 P.6 2?14 5T3

.03if~l 1455 54.-) 11.05 1.73 3 T 5655

.0317 1445 53.6 U.00 1.70 3"5 552

.o403 11 1451 54-L 11.03 n.13 4-()

.o3o6 -35 1500 57.0 U.P'1 1.74 234 7

.O_2 %' 1794 74.3 1P.1n) 1.74 183 319

.013-p- 21.• m 5 o q.6 13.-4 1.,7 132 234

.on,6 IOU): j16 33.5 1.2 1.sr 93 174

.o215 10ol' 1921 8'.7 12.87 1.r 97 172

.0179 2170 96.0 13.6o 1.77 o7 U.9

.0181 1100 2117 95.4 13.,45 1.73 66 1010

.oo62 14, S) 153.o0 15.33 0.95 37 35

.oo6o 14,5 P93 153.0 15.33 O.92 37 34



Te uean value of ti weasurewents in the vicinity of 14C"K,9 con-

verted to AWO0K and a m pressure, Is

1' =650 + 50 microseconda

The form of pressure and temperature depei- . - used in making thei.e con-

versions w4l. be disewoed belov. 1' Lny also be obtained from the alte

uf the straight Line in Fig. 3 which has the advntaep of using the whole

curve* Within the l'mits of accuracy both me thod Saw the some reaultt

in several cames an the less laborious Inflection point method vas there-

fore adopted.

Pr of Tor a collisioal1 process,, a simple 1mm-

vere presswv depwdmoe is to be excted. A graph of Z verswz p for

those experimznts close to 14•'K Is shon in Fig. The vsals of' T

have been convwrted to 1 400*K. A rasuble fit to a straist lie i'

obtaized.

Fi. &bere

~h~wst~ve d ensx" of The relmiz timesam Observed to

doma vith inumsasln tamiratuwe as Prted. The usul theor• s of

vibrotousi relmtic leaid to an e.xpe•sio of the form,

lmre A ad B aze oemstazts, Valums of IoB I ver'sus T"/3 for the

present obmtioan am'e plaotted In Fi-. 5. Tkw best straight WLtz that

Fig. 5bore

amn be drain through the experlmental points leads to A =64i.45 &W~ B f2.4

Nquattoc (3) and the above valu. of A wre used in mzking the conver-

siams of ' to 11 4W0K moutoilwd earlior.

son

,- -

I ' m
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The ffet ol!ýZý,Lejj w".ct of uL411 anountis of ad~ded

Hl;O or COp mn the rstcwmtion tl-, :)f C) itz -I in Ta'ble 3. V'ater ectwne5
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Table 3. Etfect of L.4m-itiec on Vlbrational Relaxation of CO

Comulpition of gas C) i'Lat in r Pr

pure Co ur- ice 1437 1.714 193 344

purm CO ".t•Ll
mthyleru 11437 1.72 21o 361

CO + .000%111.0 iy ice 13,.3 1.61 212 541

CO +.30% . TO -otin.
M.tyne 14;-Q 1.70 35 60

Co + .]4oC d•ry ice 1435 1.70o 150

co + . jo3 H? Aq li1 1.24 17e'2

wth < .0% CO.,

Control rumn with pure gas.

__,.--- ___.,._ __ __ _.___-

tli !
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a mared Incresase in the rate cf relaxaticn even in trace mA ou.its At

a relative coc*entration of 3 parts L.- 103 the value of *7 Is redit1

by at least a taetor of 40x. Te reductian m' be oowwhnt greater be-

m the obse.red tixe iL close to the rerwXe ttre of the detAwtar.

For COv a ratio of 1 part in 1C3 reduco 7" by about a faetor of twom

thrds. The experiment with the hatliesmon 1eent Grade CO gave relauati-o

tires of about half those observed vith t1 fruationally distilled saopts.

SKne the COp Impurity woo removed by the w1r6*C trapp this may be due

to the 1aydrosn impurity.

1. Tb au reportedhere, 550 Lwe ,O sat 14 TO~k is 30time13

greater than that given In our prelniziy report.e Te %ue at nO'

(15o Lmc) is greter tbaa the value of 10 gme gLen in a preliminv•y re-,

portby the P t c 3 Th.is Is presumbly a matter of the removal

ot Imaritles. It Is of eourse poslble that even the present results are

aested by Impitle9.

At present oa my mW, that CO has the 1=4pst vibrational relaation

times "mi at mW g1ivt 1, persture,

2. Te experimental duaa favor bypothesee (2) an/or (3) over (1).

T2beay very ati' gy seconds the motfon1 in that the intorcocuvers of

a arlp sawt of eer•r between vlbratlm and tremlation, as in raction

(1)0 is predfted to be extrevely I I dab1e ( 10-7 leso probable than

process (2) in the present Onatae).

W haw made pre]I r~nry calceultio of the rate cmevats o an, e

for equati•• s (2) adi (3) above aceordine to the Bchvartz, Slnrk7y, br.-

I •,. a



field theory1 as =amded by 1anczoc .0 For the Lennard-Jones paranetwr,

for CO, w use 3 .59 A. le. calculate,, at 14 0 K, -"-1 1.9 x 10

.o1ai 2 lX 10" _-4.3 x 103 . is the gas kinetic theory coli5-

ion nimber. The experlxintall at l4OO*K correspond-* to k - 5 x 10" .
- -=10-

whe agreement between theory and experirent ias 1, -ood as can be expecteu.

N-te that althouh e is calculated to be about 103 greater than klo, the

discussion given earlier indicates that the energy transfer at exact

resonmwe probably does not affect ,he kinetics of the population of the

various vibrational states significantly.

3. The vibrational relaxation time of CO is greatly diminished by

the impwities HO sad COp. These molecules have shorter vibrational re-

laxati• times, and we sugest that the principal process is the himhly

effleen tansfer of vibrational energy from one species to the other:

HpO + CO HL-O+ CO.

*. The infrared wstbod for easurIng• vibrational relaxation tir.es has

the advanta4p of looking, at least to some extent, at the rate of excitation

of particular states. The limitations an to rise time and sensitivity of

deteetors presently available are such that the method is applicable only

to Infra-red active molecules vith rather long relaxation times.
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